1. Introduction {#sec1-sensors-19-05353}
===============

The rapid determination of glucose concentration has attracted increasing interest in various fields, e.g., clinical diagnosis, food industry, wastewater treatment, and sustainable fuel cells \[[@B1-sensors-19-05353],[@B2-sensors-19-05353]\]. Electrochemical techniques exhibit great potential for the development of next-generation glucose detection sensors due to their advantages, e.g., high sensitivity and selectivity, accuracy, simple instrumentation, low cost, and excellent compatibility with miniaturization. Thus far, commercial glucose sensors are mainly built on enzyme-based electrochemical sensors. Despite good sensitivity and selectivity, their drawbacks related to low reproducibility, complexity of enzyme immobilization process, activity vulnerability, and high cost have been limited their large-scale practical applications \[[@B3-sensors-19-05353],[@B4-sensors-19-05353]\]. Much effort has been devoted to the design and exploitation of non-enzymatic sensors based on direct electrocatalysis of electrode materials through noble metals, metal alloys, transition metal oxides/hydroxides, or conductive polymers \[[@B1-sensors-19-05353],[@B5-sensors-19-05353]\] assembled through both bottom-up and top-down, as well as mixed strategies, to avoid such issues \[[@B6-sensors-19-05353]\]. Copper-based materials have been widely used to modify the electrode as a non-enzymatic sensor for glucose detection taking its low cost, suitable redox properties, and excellent stability into account \[[@B7-sensors-19-05353]\]. A large variety of copper/copper oxides modified electrodes having various shapes and sizes of copper nanoparticles have been reported to date for the non-enzymatic detection of glucose \[[@B1-sensors-19-05353],[@B2-sensors-19-05353],[@B7-sensors-19-05353],[@B8-sensors-19-05353],[@B9-sensors-19-05353],[@B10-sensors-19-05353],[@B11-sensors-19-05353],[@B12-sensors-19-05353],[@B13-sensors-19-05353],[@B14-sensors-19-05353],[@B15-sensors-19-05353],[@B16-sensors-19-05353],[@B17-sensors-19-05353],[@B18-sensors-19-05353],[@B19-sensors-19-05353]\]. Moreover, the role of the carbon substrate in enhancing the electrochemical performance of the copper-based nanostructured carbon electrode has been investigated \[[@B20-sensors-19-05353],[@B21-sensors-19-05353],[@B22-sensors-19-05353]\]. Carbon nanomaterials have great potential in sensor applications due to their exceptional electrical, chemical, and mechanical properties. Carbon nanofibers (CNFs) are unique in the fact that their whole surface area can be activated. CNFs are cylindric nanostructures with graphene layers that are arranged as stacked cones, cups, or plates, with mechanical strength and electric properties being similar to carbon nanotubes while their size and graphite ordering can be well controlled \[[@B23-sensors-19-05353]\]. They have been extensively used in electrochemical sensors and biosensors either as co-catalyst or/and catalyst support \[[@B9-sensors-19-05353]\]. Indeed, they can be used both as immobilization matrixes for metal/metal oxides and as transducers due to their electrochemical signal \[[@B24-sensors-19-05353],[@B25-sensors-19-05353],[@B26-sensors-19-05353]\].

Recently, the construction of micro-/nano-structures assembly-based electrode compositions containing copper/copper oxides has been studied for enhancing the electrocatalytic properties and implicit, the electroanalytical performance for the non-enzymatic detection of glucose through the one-pot solvothermal method \[[@B8-sensors-19-05353]\] and the copper-based metal-organic framework \[[@B1-sensors-19-05353]\].

Copper coordination complexes represent one of the largest classes containing copper with relevant photochemical and photophysical properties \[[@B27-sensors-19-05353]\]. Inspired by the important role of copper in biological systems, biomimetic materials that were based on copper coordination complexes were obtained and reported as good catalysts for water oxidation \[[@B28-sensors-19-05353]\] or oxygen reduction in fuel cells \[[@B29-sensors-19-05353],[@B30-sensors-19-05353],[@B31-sensors-19-05353],[@B32-sensors-19-05353]\]. Cu(I) coordination complexes with chelating N\^N ligands show appropriate photophysical and redox properties, being proposed as successful cheap and nontoxic alternatives in Light Emitting Devices (LEDs) instead of rare earth and noble metals \[[@B33-sensors-19-05353]\] or Dye Sensitized Solar Cells (DSSCs) instead of Ru(II) \[[@B34-sensors-19-05353]\]. The stability of Cu(I) species with N-donor ligands is highly dependent on the geometry environment of the metal centre, a tetracoordination that favours the low oxidation state, whereas higher coordination numbers facilitate oxidation to Cu(II) \[[@B35-sensors-19-05353]\]. 2,2-biquinolines were found to form stable ionic Cu(I) coordination complexes due to the fused benzo-rings in the proximity of the chelating site, but the complexes still suffer from a significant degree of flattening of both ground and excited states, due to the presence of solvent or other coordinating moieties \[[@B36-sensors-19-05353]\]. This sensitivity to the molecular environment might be used for the sensing and detection of various organic and biologic compounds.

In this study, an ionic homoleptic Cu(I) coordination complex having the metal centre *bis*-chelated by 2,2′-biquinoline ligands that were functionalized in 4,4′-position with long alkyl chains (Cu(I)--C18) in [Figure 1](#sensors-19-05353-f001){ref-type="fig"} was integrated within the composition of the carbon nanofibers combined with paraffin oil as paste electrode (Cu--C18/CNF). In-situ copper oxides are generated within the carbon nanofiber paste electrode (CuO*~x~*/CNF) for the non-enzymatic detection of glucose by electrochemical transformations in alkaline medium.

The self-assembly of copper oxides into randomized microarrays should be achieved within carbon nanofiber paste electrode because of the structural characteristics of Cu(I) coordination complex. To the best of our knowledge, this is the first study on the use of an ionic Cu(I) coordination complex *bis*-chelated by N\^N-donor ligands functionalized with long alkyl chains for obtaining randomized copper oxides microarray dispersed within carbon nanofiber paste electrode (CuO*~x~*/CNF) for enhanced glucose detection. The electroanalytical performance was assessed by it comparing with other commercial and reported copper oxides-based electrodes.

2. Materials and Methods {#sec2-sensors-19-05353}
========================

Cu(I)--C18 was prepared as previously reported \[[@B37-sensors-19-05353]\]. The carbon nanofibers with a diameter ranged from 50--150 nm and purity higher than 98%, and paraffin oil that were used for electrode composition were of analytical standard, being provided by Sigma Aldrich (Steinheim, Germany). A Cary 630 FT-IR spectrophotometer was used to collect Fourier transform infrared spectroscopy (FTIR) spectra of Cu(I)--C18, Cu--C18/CNF, and CNF in paraffin oil paste at room temperature in the wavenumber range of 4000--400 cm^−1^ using transmission technique. A scanning electronic microscope (SEM, Inspect S PANalytical model) was used to characterize comparatively the morphological surfaces of Cu--C18/CNF, CuO*~x~*/CNF, and the simple carbon nanofiber paste electrode (CNF). A three-electrode cell consisting of a Cu--C18/CNF paste working electrode, a platinum counter electrode, and silver/silver chloride reference electrode (Ag/AgCl, KCl 3M) connected to an Autolab potentiostat/galvanostat PGSTAT 302 (Eco Chemie, The Netherlands) that was controlled with GPES 4.9 software was used for performing all of the electrochemical measurements. The disc geometry that was characterized by 0.01 cm diameter of the Cu--C18/CNF paste electrode was obtained by filling a Teflon mold. 0.1 M sodium hydroxide (NaOH) as the supporting electrolyte was used to assure the alkaline medium desired for in-situ obtaining of randomized copper oxides microarray dispersed within carbon naofiber paste electrode (CuO*~x~*/CNF) by electrode potential scanning. An electrochemical stabilization through 10 continuous repetitive cyclic voltammograms within the potential ranging between −0.5 and +1.5 V vs. Ag/AgCl was applied prior to the electrode use. NaOH used was analytical-grade reagent from Merck and 0.1 M glucose was prepared daily from analytical grade Merck reagents while using double distillate water. The serum glucose was obtained from Vioser S.A., Parenteral Solution Industry, Greece. Cyclic voltammetry (CV), differential pulsed voltammetry (DPV), square-wave voltammetry (SWV), chronoamperometry (CA), and multiple pulsed amperometry (MPA) were the electrochemical techniques that were applied for electrochemical characterization and analytical applications.

The electroanalytical parameters, including as the limit of detection (LOD) and the limit of quantification (LOQ), were calculated as: where *SD* is the standard deviation of the six blanks and *m* is the slope of the calibration plot \[[@B24-sensors-19-05353]\].

3. Results {#sec3-sensors-19-05353}
==========

The synthesis and characterization of the ionic homoleptic Cu(I) coordination complex (Cu(I)--C18) tested in the present work was previously reported \[[@B37-sensors-19-05353]\]. Its chemical structure is presented in [Figure 1](#sensors-19-05353-f001){ref-type="fig"}. The complex was chosen for its structural characteristics: the bio metal centre is *bis*-chelated by two N\^N-donor ligands that were functionalized with long alkyl chains that induce the complex liphophilicity and a waxy morphology that increases the loading on the carbon nanofiber in the electrode composition during preparation. The complex electric neutrality is given by ClO~4~ counterion.

3.1. Preparation of the Cu--Carbon Nanofiber Paste Electrode (Cu-C18/CNF) {#sec3dot1-sensors-19-05353}
-------------------------------------------------------------------------

The Cu--C18/CNF paste electrode was obtained by mixing appropriated weights of carbon nanofibers, paraffin oil, and Cu(I)--C18 in order to obtain the ratio of 40%, wt. carbon nanofibers, 20%, wt. Cu(I)--C18 complex, and 40%, wt. paraffin oil. A blank carbon nanofiber paste electrode (CNF) was with the composition of 75 wt.% carbon nanofibers and 25 wt.% paraffin oil was analogously obtained. To assure the electrode stability and an adequate contribution of Cu(I) complex, the mass ratio of Cu(I)--C18: CNFs: paraffin oil of 1:2:2 was chosen., the ratio of 3:1 carbon nanofiber to paraffin oil as the carbon nanofiber paste was used for comparison.

3.2. Structural and Morphological Characterization {#sec3dot2-sensors-19-05353}
--------------------------------------------------

The CuO*~x~*/CNF paste electrode was characterized morpho-structurally by scanning electron microscopy (SEM) after the electrochemical treatment of Cu--C18/CNF paste electrode by potential scanning through cyclic voltammetry (CV) in 0.1 M alkaline medium ([Figure 2](#sensors-19-05353-f002){ref-type="fig"}c). By comparing the results with the SEM images of Cu--C18/CNF ([Figure 2](#sensors-19-05353-f002){ref-type="fig"}a) and CNF paste electrodes ([Figure 2](#sensors-19-05353-f002){ref-type="fig"}b), it can be noticed the presence of Cu/Cu oxides in a good distribution and non-homogeneous dispersion onto CNFs mixed with paraffin oil.

[Figure 3](#sensors-19-05353-f003){ref-type="fig"} presents the IR spectra of the carbon nanofiber CNF, Cu(I) coordination complex Cu(I)--C18 and Cu--C18/CNF paste electrode in the representative region of 1800--600 cm^−1^. For CNF, the IR spectrum shows only the bands related to the paraffin oil, respectively, 1460, 1379, and 717 cm^−1^ assigned to the C--H bending vibration and in-plane deformation rocking vibration \[[@B38-sensors-19-05353]\]. In the same region, the spectrum of Cu(I)--C18 contains additional intense vibrational bands assigned to C=O (1720 cm^−1^), in-plane, and out-of-plane aromatic C--H bending (1270 cm^−1^, 778 cm^−1^), C--O (1235 cm^−1^) stretching, and the characteristic band of ClO~4~^−^ counterion (1103 cm^−1^) \[[@B37-sensors-19-05353]\]. Finally, the spectrum of Cu--C18/CNF shows the most intense vibrational bands of the Cu(I) complex proving the successful incorporation of the copper complex in the carbon nanofiber paste electrode. Besides this region, all of the spectra contain the C--H stretching vibration of CH~3~ and CH~2~ related to the paraffin oil and to the alkyl chains belonging to the Cu(I) coordination complex at 2845 and 2912 cm^−1^.

3.3. Electrochemical Characterization for Glucose Detection {#sec3dot3-sensors-19-05353}
-----------------------------------------------------------

The CNF paste, Cu--C18/CNF, and CuO*~x~*/CNF paste electrodes were analysed in terms of the electroactive area, which was determined while using the classical ferro/ferricyanide redox system. All the CNFs based paste electrodes exhibited about two-fold higher electroactive areas in comparison with the geometric ones (0.0270 cm^2^ vs. 0.0176 cm^2^).

CNF and in-situ formed CuO*~x~*/CNF paste electrodes were tested in 0.1 M NaOH and in the presence of various glucose concentrations while using cyclic voltammetry (CV). [Figure 4](#sensors-19-05353-f004){ref-type="fig"} presents cyclic voltammograms recorded on CuO*~x~*/CNF paste electrode within the potential range from −0.5 V/ vs. Ag/AgCl to +1.5 vs. Ag/AgCl in the presence of glucose concentrations ranged from 0.2 mM to 1 mM.

The presence of the anodic current peak at a potential value of +0.2 V/ vs. Ag/AgCl can be noticed, which can be attributed to the Cu(I)/Cu(II) redox system. In the presence of glucose, this peak decreases probably because of glucose adsorption on the Cu~2~O/CuO generated in the alkaline medium \[[@B16-sensors-19-05353],[@B39-sensors-19-05353]\]. Starting with the electrode potential higher than +0.5 V vs. Ag/AgCl, the anodic current peak appears in the presence of glucose and linearly increases with its concentration within the tested concentration range, which is attributed to the oxidation process of glucose. According to the literature \[[@B16-sensors-19-05353],[@B39-sensors-19-05353],[@B40-sensors-19-05353]\], the glucose oxidation process is catalysed by the presence of Cu(II)/Cu(III) species. Additionally, within the potential range of the oxygen evolution reaction that started under these working conditions at the potential value of about +1 V vs. Ag/AgCl, the anodic current linearly increases with the glucose concentration. The sensitivities for the glucose detection at CuO*~x~*/CNF paste electrode determined as slope of the linear plots of the anodic currents versus glucose concentrations of [Figure 4](#sensors-19-05353-f004){ref-type="fig"}a,b are 0.153 µA·mM^−1^ at the potential value of +0.6 V vs. Ag/AgCl and 34.378 µA·mM^−1^ at the potential value of +1.1 V vs. Ag/AgCl. A similar test was performed with CNF paste electrode and no response in the presence of glucose was detected (the results are not shown here). For glucose concentration higher than 1mM glucose, the sensitivities probably decrease because of the electrode fouling. Several mechanistic aspects related to the electrochemical behaviour of the CuO*~x~*/CNF paste electrode for designing the electrochemical detection method derive from the influence of the scan rate on the shapes of cyclic voltammograms in alkaline medium, in the absence and presence of 0.6 mM glucose, respectively. The specific micro-dispersed nature of Cu(I) that is responsible for copper oxides generation suggests a discussion about the typical aspects regarding the behaviour of CuO*~x~*/CNF electrode as randomized or ordered array structured copper-based microelectrodes system, which should assure the heterogeneous activity with the distinct micro zones of a significantly higher electrocatalytic activity \[[@B41-sensors-19-05353]\]. The voltammetric response of Cu(I) dispersed and arranged through Cu(I)--C18 coordination complex within carbon nanofiber should be similar to that found for "edge effect" that significantly contribute to the Faradaic response. The size, shape, and inter-microelectrode separation are responsible for the microelectrode array behaviour. Closely spaced Cu(I) micro zones will behave similarly to a macroelectrode and the linear diffusion dominates the mass transport because of the diffusion layer overlap, which is in contrast with a microelectrode array characterized by spherical diffusion mass transport. A larger distance between microelectrodes also repeals the microelectrode array behaviour and individual microelectrode behaviour should be manifested \[[@B42-sensors-19-05353],[@B43-sensors-19-05353],[@B44-sensors-19-05353]\]. It has been demonstrated that microelectrode arrays overcome the main drawbacks exhibited by single microelectrode related to low current outlet and high susceptibility to the electrochemical noise. At the same time, they maintain single microelectrode advantages regarding the minimization of the ohmic drop and charging current, allowing for lower detection limit and better sensitivity \[[@B45-sensors-19-05353]\].

[Figure 5](#sensors-19-05353-f005){ref-type="fig"} illustrates the effects of the scan rate on the cyclic voltammograms recorded on CuO*~x~*/CNF paste electrode. The scan rate is systematically varied from 0.002 to 0.2 V·s^−1^ in the presence of 0.6 mM glucose in 0.1 M NaOH supporting electrolyte. The effect of the scan rate was also studied under similar working conditions in the absence of glucose to elucidate the kinetic aspects related to copper oxides that are involved in the electrochemical oxidation of glucose. The variation of the anodic current (with the background subtraction) vs. the square root of the scan rate in [Figure 5](#sensors-19-05353-f005){ref-type="fig"}a only shows at the potential value of +0.6 V vs. Ag/Ag/Cl a linear dependence corresponding to linear diffusion characteristics to the macroelectrode. At the potential value of +1.1 V vs. Ag/Ag/Cl, no linear dependence of the anodic current is found that might be explained rather due to a competition between oxygen evolution reaction and advanced glucose oxidation than a non-linear or spherical diffusion-controlled overall process that is characteristic to ordered microarray behaviour. Additionally, no linear dependence of the anodic peak current (with background subtraction) vs. the square root of the scan rate is found at the potential value of +0.2 V vs. Ag/AgCl, which is probably due to the involvement of surface-controlled step proving the glucose sorption on the copper oxides. These results show that the CuO*~x~*/CNF paste electrode acts rather as randomized than an ordered array of copper oxides microelectrode. The lack of the cathodic peaks corresponding to the anodic one's characteristics to glucose oxidation (+0.6 V and respective, +1.1 V vs. Ag/AgCl) indicates the irreversibility of glucose oxidation, even if no linear dependence of oxidation potential values vs. the logarithm of the scan rate was noticed of [Figure 5](#sensors-19-05353-f005){ref-type="fig"}b).

Based on these observations that were correlated with the literature reported data \[[@B46-sensors-19-05353]\], the main mechanism of glucose sensing at the potential value of +0.6 V vs. Ag/AgCl may be described by the following reactions:

When the potential CuO value increases higher than +1.00 V/ vs. Ag/AgCl, the population of CuOOH sites on the electrode surface increases, and subsequent catalytic oxidation of gluconolactone occurs. Hydroxyl radicals that can be formed under this potential range also favours the latter. The mechanism of the glucose oxidation within the oxygen evolution reaction range has not yet been fully elucidated \[[@B14-sensors-19-05353]\]. However, the presence of glycolate, oxalate, and formate has been reported for advanced electrooxidation of glucose through enediol intermediate \[[@B17-sensors-19-05353],[@B19-sensors-19-05353]\]. Additionally, Luo and Baldwin \[[@B16-sensors-19-05353]\] suggested that the main product of advanced electrooxidation of glucose on copper electrode is formate, beginning at C1 position. Additionally, low levels of gluconic, glucuronic, and glucaric acids derivates were reported as advanced glucose oxidation products through oxidation in C1 and C6 positions.

3.4. Detection Results {#sec3dot4-sensors-19-05353}
----------------------

The above presented results of CV that were recorded at increased glucose concentrations indicate that the peaks corresponding to the glucose oxidation recorded at the potential values of +0.6 V vs. Ag/AgCl and +1.1 V vs. Ag/AgCl can be chosen for glucose detection. It is clear that a lower potential value is desired for sensing, but the better sensitivity reaching a higher potential value implies considering both detection potentials for optimization in relation with advanced voltammetric and amperometric techniques, e.g., differential-pulsed voltammetry (DPV), square-wave voltammetry (SWV), chronoameprometry (CA), and multiple-pulsed amperometry (MPA).

It is well-known that the DPV and SWV techniques under optimized working conditions allow for a diminution of the capacitive component, while the Faradaic component of the anodic current corresponding to the glucose oxidation increases with the consequence of enhanced electroanalytical performance of certain electrode-based detection methods related to the lowest limit of detection, quantification, and the sensitivities \[[@B24-sensors-19-05353]\]. It must be mentioned that the detection response stability is linked to the electrode composition, which limits the DPV and SWV working conditions.

[Figure 6](#sensors-19-05353-f006){ref-type="fig"} displays the optimized results of DPV technique applied to CuO*~x~*/CNF electrode in the presence of increased glucose concentration under optimized working conditions related to the modulation amplitude (MA) of 0.1 V and the step potential (SP) of 0.025 V. The detection responses that were obtained for the glucose concentration range lower by ten-fold than the one used for CV applying gives a first preliminary result related to the enhanced glucose concentration detection associated to the lowest limit of detection. The slopes of the calibration plots that are presented in insets of [Figure 6](#sensors-19-05353-f006){ref-type="fig"}, which give the sensitivities in glucose detection, show better sensitivities for both detection potential values, which are shifted to lower positive values (+0.4 V vs. Ag/AgCl as compared with +0.6 V vs. Ag/AgCl and +1.1 V vs. Ag/AgCl when compared with +1.2 V vs. Ag/AgCl) in comparison with CV. These results prove the superiority of the DPV technique in relation with the CV.

For comparison, the SWV technique was employed under optimized conditions that were found for DPV, i.e., MA of 0.1 V and the SP of 0.025 V at various values of frequency (*f*) ranged from 5 to 50 Hz. At a high frequency value, the electrode signal is not stable and the best results are found for the frequency value of 5 Hz, which [Figure 7](#sensors-19-05353-f007){ref-type="fig"} presents. Good linearities of the current vs. glucose concentration are achieved at the potential value of +0.45 V vs. Ag/AgCl and +1.1 V vs. Ag/AgCl, presented in the [Figure 7](#sensors-19-05353-f007){ref-type="fig"}a,b. Slight improvement of the sensitivities determined as slopes of the calibration plots are achieved by SWV applying, in comparison with DPV.

While taking the step of glucose sorption onto copper oxides and the SVW technique abilities into consideration, a preconcentration step before SWV running and recording was tested for various sorption times considered as accumulation time to improve the electroanalytical parameters of the glucose detection. The preconcentration step consisted in the CuO*~x~*/CNF paste electrode immersion in low glucose concentration (0.02 mM) containing supporting electrolyte at the open circuit potential for various sorption times. [Figure 8](#sensors-19-05353-f008){ref-type="fig"}a,b gather the results of the current signal corresponding to the detection of 0.02 mM glucose at both detection potential values of +0.45 V vs. Ag/AgCl and +1.1 V vs. Ag/AgCl.

It can be noticed that the effect of the accumulation is highly manifested at the potential value of +0.45 V vs. Ag/AgCl for the first 10 min, while at the potential value of +1.1 V vs. Ag/AgCl a randomized effect is observed, probably due to the competition with oxygen evolution. The best signal is also found at 10 min accumulation time, which should be considered to be optimum. A longer accumulation time leads to a weakening of the useful signal for glucose detection, probably due to the fouling effect that begins to manifest. By applying preconcentration step (10 min) based SWV under the above-presented optimized conditions (0.1 V MA, 0.025 V SP, and frequency of 5 Hz), the electroanalytical parameters for the glucose detection are enhanced at both detection potential values (7.94 as compared with 4.48 µA·mM^−1^ for +0.45 V vs. Ag/AgCl and 95.40 compared with 47.33 µA·mM^−1^ for +1.1 V vs. Ag/AgCl).

The performance of the CuO*~x~*/CNF paste electrode was further tested by amperometric measurements while taking their simplicity and easy employing for real applications into consideration. It is obvious that the detection potential was selected based on the results of the cyclic voltammetry as reference. [Figure 9](#sensors-19-05353-f009){ref-type="fig"} shows chronoamperograms recorded with the CuO*~x~*/CNF paste electrode under stationary conditions and two potential levels, one of +0.6 V vs. Ag/AgCl and the other of +1.25 V vs. Ag/AgCl.

Linear dependences are achieved for the useful current signals versus glucose concentrations for both detection potentials. The lowest sensitivity at the potential value of +0.6 V vs. Ag/AgCl is noticed, which the electrode fouling manifesting should explain. At the higher potential value of +1.25 V vs. Ag/AgCl better sensitivity was achieved but also lower in comparison with voltammetric results at the same potential value. It is clear that the electrode fouling occurred at both detection potential values leading to worse electroanalytical performance.

The multiple-pulsed amperometry (MPA) technique was applied under three potential-levels, while considering both the detection potential values and one level dedicated to renewing the electrode surface, to overcome the disadvantage of the electrode fouling during amperometric testing. This technique exhibits the possibility of in-situ cleaning and the refreshing of the electrode surface during detection measurements, combining the simplicity of amperometric technique with the advantage of the potential scanning at a certain potential corresponding to the desired electrode process that improved the electroanalytical performance. More variants of three potential-levels or two potential-levels were considered for MPA applying and the best results are reached for the variant that consisted of:+0.6 V vs. Ag/AgCl for a time duration of 50 ms, where glucose is oxidized to gluconolactone;+1.25 V vs. Ag/AgCl for a time duration of 100 ms, where glucose is further oxidized under oxygen evolution reaction generation; and,+0.75 V vs. Ag/AgCl for a time duration of 100 ms, to assure Cu(II)/Cu(III) system generation.

[Figure 10](#sensors-19-05353-f010){ref-type="fig"} shows the MP amperograms responses after the successive addition of glucose in 0.1 M NaOH supporting electrolyte at each applied potential level and the insets of [Figure 10](#sensors-19-05353-f010){ref-type="fig"} present the sensitivities determined as slopes of calibration plots of the useful current recorded at both detection potential values. Sensitivities that were comparable with the voltammetric techniques were achieved under the three potential-levels based MPA technique.

No linear dependence of the current signal versus glucose concentration was achieved at the potential value of +0.6 V vs. Ag/AgCl if the potential that was specific to electrode surface refreshing was set to a lower value, at which Cu(I) at least Cu(II) is generated (until +0.4 V vs. Ag/AgCl, the results are not shown here). This proved that the generation of Cu (II)/Cu(III) redox system, which is favoured at higher potential value, is responsible for the catalytic effect in glucose oxidation.

The results of the interference study for the CuO*~x~*/CNF paste electrode in the glucose detection while using optimized SWV in the presence of 0.1 mM uric acid and 0.1 mM ascorbic acid shows that the response recorded at +0.45 V vs. Ag/AgCl is affected while the response recorded at +1.1 V vs. Ag/AgCl is not affected. However, the electroanalytical performance of CuO*~x~*/CNF shows the best results at this higher potential value for both the voltammetric (SWV) and amperometric (MPA) technique ([Table 1](#sensors-19-05353-t001){ref-type="table"}). The accuracy of the CuO*~x~*/CNF paste electrode was tested by the detection of glucose concentration in human serum, which was obtained from Vioser S.A. The current responses were recorded while using optimized SWV and series of SW voltammograms were achieved within various glucose concentrations from serum and the similar sensitivities were reached (the results are not shown here). The recovery test was performed for 0.5 mM and 1 mM glucose and the recovery percentage was 95% and, respectively, 105%, which shows the practical application potential of CuO*~x~*/CNF paste electrode for glucose detection in the biological sample. Three parallel electrodes were prepared and tested for similar 0.5 mM glucose concentration while using SWV under optimized conditions in order to assess the reproducibility of CuO*~x~*/CNF paste electrode. The relative standard deviation of 3.5% shows that the CuO*~x~*/CNF paste electrode exhibits a good reproducibility for glucose detection. The stability of the electrode was also examined measuring the current response to glucose over three months and about 5% loss in the current signal was found, which proves the good stability of the proposed electrode.

The performance of CuO*~x~*/CNF paste electrode is compared with other copper-based sensors reported in the literature for glucose detection ([Table 2](#sensors-19-05353-t002){ref-type="table"}). It can be noticed that our proposed sensor exhibited the best sensitivity and the lowest limit of detection.

4. Conclusions {#sec4-sensors-19-05353}
==============

In summary, the Cu(I)--C18 complex--carbon nanofiber paste electrode (Cu--C18/CNF) was developed to prepare in-situ copper oxides within carbon nanofiber matrix in alkaline medium for glucose detection. By using a homoleptic ionic Cu(I) coordination complex that was based on 2,2′-biquinoline ligand functionalised with long alkyl chains, a randomized copper oxides microelectrodes array that was dispersed within carbon nanofiber paste (CuO*~x~*--CNF) was electrochemically obtained through potential scanning that ranged from −0.5 to +1.5 V vs. Ag/AgCl in 0.1 M NaOH solution using cyclic voltammetry (CV). Due to the structural characteristics of the Cu(I) complex, a good and non-homogeneous dispersion of copper/copper oxides within carbon nanofiber was found from the scanning electron microscopy (SEM) images.

The CuO*~x~*/CNF paste electrode exhibited high electrocatalytic activity towards glucose oxidation manifested at two potential values of +0.6 V vs. Ag/AgCl and +1.2 V vs. Ag/AgCl, considered as a potential detection value for glucose in 0.1 M NaOH solution. The electroactive specific area of CuO*~x~*/CNF that was determined by classical ferri/ferrocyanide was two-fold higher than the geometrical one. All of the CV results involving the influence of the glucose concentration and the effect of the scan rate on the cyclic volatmmograms shapes in the presence of glucose proposed both detection potential values, +0.6 V vs. Ag/AgCl and +1.2 V vs. Ag/AgCl, which should be slightly modified in relation with the applied electrochemical technique. All of the tested electrochemical techniques, i.e., CV, DPV, SWV, CA, and MPA, allowed for glucose detection characterized by different electroanalytical parameters related to the sensitivity, the lowest limit of detection (LOD), and the lowest limit of quantification (LOQ). The optimized working conditions for detecting the glucose were found by using SWV as the voltammetric method and MPA as the amperometric detection method. Similar sensitivities of 2689.38 µA·mM^−1^·cm^−1^ and 2462.67 µA·mM^−1^·cm^−2^ were achieved for SWV-based voltammetric and MPA-based amperometric methods, which are much better that the reported copper-based electrodes. In addition, a preconcentration step involving 10 minutes accumulation at open circuit potential before SWV running allowed for further enhancing the sensitivity, 5419.77 µA·mM^−1^·cm^−1^ vs. 2689.38 µA·mM^−1^·cm^−1^ reached under the similar conditions, but without the preconcentration step. Based on the results of interference study, the electrode accuracy, stability and the life-time besides the excellent electrocatalytic properties for glucose oxidation, CuO*~x~*/CNF composition is expected as a promising electrode material for developing a non-enzymatic electrochemical glucose sensor.
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![Chemical structure of the Cu(I)--C18 complex.](sensors-19-05353-g001){#sensors-19-05353-f001}

![Scanning electron microscopy (SEM) images at 6000× magnification of (**a**) Cu--C18/CNF; (**b**) CNF; and, (**c**) CuO*~x~*/CNF.](sensors-19-05353-g002){#sensors-19-05353-f002}

![IR spectra of (1) CNF; (2) Cu(I)--C18; and (3) Cu--C18/CNF.](sensors-19-05353-g003){#sensors-19-05353-f003}

![Cyclic voltammograms recorded with CuO*~x~*/CNF composite electrode in 0.1 M NaOH supporting electrolyte (curve 1) and in the presence of various glucose concentrations: 0.2 mM-curve 2; 0.4 mM-curve 3; 0.6 mM-curve 4; 0.8 mM-curve 5; 1 mM-curve 6; Inset: Calibration plots of the anodic current vs. glucose concentration, recorded at: (**a**) +0.6 V vs. Ag/AgCl (MSE\* of 1.422 × 10^−5^ µA) and (**b**) +1.2 V vs. Ag/AgCl (MSE of 0.285 µA). (MSE\* = mean square error value.)](sensors-19-05353-g004){#sensors-19-05353-f004}

![Cyclic voltammograms recorded in 0.6 mM glucose and 0.1 M NaOH supporting electrolyte with the CuO*~x~*/CNF paste electrode at various scan rates: (curve 1) 10, (curve 2) 20, (curve 3) 30, (curve 4) 40, (curve 5) 50, (curve 6) 60, (curve 7) 80, (curve 8) 100, and (curve 9) 200 mV·s^−1^. Insets: (**a**) dependence of anodic peak current vs. square root of the scan rate (MSE of.018 µA); (**b**) dependence of peak potential vs. logarithm of the scan rate.](sensors-19-05353-g005){#sensors-19-05353-f005}

![Differential pulsed voltammetry (DPV) responses in 0.1 M NaOH supporting electrolyte (curve 1) and in the presence of various glucose concentrations: 0.02 mM-curve 2; 0.04 mM-curve 3; 0.06 mM-curve 4; 0.08 mM-curve 5; 0.1 mM-curve 6; 0.12 mM-curve 7; 0.14 mM-curve 8, with CuO*~x~*/CNF paste electrode under operating conditions: MA of 0.1 V and SP of 0.025 V; Inset: Calibration plots of current vs. glucose concentration at the detection potential of: (**a**) +0.4 V vs. Ag/AgCl (MSE of 2.705 × 10^−5^ µA) and (**b**) +1.1 V vs. Ag/AgCl (MSE of 0.252 µA).](sensors-19-05353-g006){#sensors-19-05353-f006}

![SWV responses recorded with CuO*~x~*/CNF paste electrode in 0.1 M NaOH supporting electrolyte (curve 1) and in the present of various glucose concentrations: 0.02 mM-curve 2; 0.04 mM-curve 3; 0.06 mM-curve 4; 0.08 mM-curve 5; 0.1 mM-curve 6; 0.12 mM-curve 7; 0.14 mM-curve 8, under operating conditions: step potential (SP) 0.025 V; modulation amplitude (MA) 0.1 V; frequency (*f*) 5Hz. Inset: Calibration plots of current vs. glucose concentration at the detection potential of: (**a**) +0.4 V vs. Ag/AgCl (MSE of 5.229 × 10^−4^ µA) and (**b**) +1.1 V vs. Ag/AgCl (MSE of 0.067 µA).](sensors-19-05353-g007){#sensors-19-05353-f007}

![Useful signals achieved by square-wave voltammetry (SWV) recorded in the presence of 0.02 mM containing 0.1 M NaOH supporting electrolyte at CuO*~x~*/CNF electrode, as a function of the sorption time in the preconcentration step prior to detection recorded at: (**a**) E = +0.45 V vs. Ag/AgCl and (**b**) +1.1 V vs. Ag/AgCl.](sensors-19-05353-g008){#sensors-19-05353-f008}

![Chronoamperograms (CAs) recorded for two levels of detection potential, E1 = +0.6 V vs. Ag/AgCl and E2 = +1.25 V vs. Ag/AgCl, with the CuO*~x~*/CNF composite electrode in 0.1 M NaOH supporting electrolyte (black line) and in the presence of various glucose concentrations: 1 mM (red line); --2 mM (blue line); 3 mM (green line); 4 mM (pink line); 5 mM (lime green line). Inset: Calibration plots of current vs. glucose concentration at the detection potential of: (**a**) +0.6 V vs. Ag/AgCl (MSE of 1.659 × 10^−5^ µA) and (**b**) +1.25 V vs. Ag/AgCl (MSE of 0.098 µA).](sensors-19-05353-g009){#sensors-19-05353-f009}

![Multiple pulsed amperometries (MPAs) recorded for three levels of the potential pulses of +0.6 V vs. Ag/AgCl for 0.05 s (E1-black line), +1.25 V vs. Ag/AgCl for 0.1 s (E2-red line), and +0.75 V vs. Ag/AgCl for 0.1 s (E3, not shown here) with the CuO*~x~*/CNF composite electrode in 0.1 M NaOH supporting electrolyte and in the presence of various glucose concentrations: 0.25--1.25 mM; Insets: Calibration plots of the currents versus glucose concentrations at detection potential value: (**a**) +0.6 V vs. Ag/AgCl (MSE of 0.035 µA) and (**b**) +1.25 V vs. Ag/AgCl (MSE of 20.681 µA).](sensors-19-05353-g010){#sensors-19-05353-f010}

sensors-19-05353-t001_Table 1

###### 

The electroanalytical parameters for glucose direct detection with CuO*~x~*/CNF paste electrode in 0.1 M NaOH supporting electrolyte.

  -----------------------------------------------------------------------------------------------------------------------------------------
  Tehnique          Potential Detection/\   Sensitivity/\     Correlation Coefficient/R^2^   LOD^\[a\]^/µM   LQ^\[a\]^/µM   RSD^\[b\]^(%)
                    V vs. Ag/AgCl           µA·mM^−1^cm^−2^                                                                 
  ----------------- ----------------------- ----------------- ------------------------------ --------------- -------------- ---------------
  CV                +0.6 V                  8.70              0.995                          39              130            1.7

  +1.2 V            1953.30                 0.998             1.88                           6               1.5            

  DPV               +0.4 V                  181.31            0.998                          0.54            1.8            1.2

  +1.1 V            2753.92                 0.957             0.07                           0.23            0.5            

  SWV               +0.45 V                 254.43            0.986                          0.38            1.2            0.5

  +1.1 V            2689.38                 0.984             0.07                           0.24            1              

  Preconc./SWV      +0.45 V                 451.25            0.979                          0.43            1.45           1.6

  +1.1 V            5419.77                 0.986             0.05                           0.16            0.5            

  CA                +0.6 V                  0.43              0.969                          22              75             0.5

  +1.25 V           51.48                   0.977             3.3                            11              0.5            

  MPA               +0.6 V for 0.05 s       80.63             0.976                          1.2             4.06           0.5

  +1.25 for 0.1 s   2462.67                 0.984             0.082                          0.27            0.5            
  -----------------------------------------------------------------------------------------------------------------------------------------

^\[a\]^The lowest limit of detection (LOD) and the lowest limit of quantification (LQ) were determined according with the literature \[[@B47-sensors-19-05353]\]. ^\[b\]^determined for three replicates.

sensors-19-05353-t002_Table 2

###### 

Comparison of performances of CuO*~x~*/CNF paste electrode with Cu-based electrode for non-enzymatic sensing of glucose.

  Electrode Material              Linear Range (mM)   Supporting Electrolyte        Technique Used    Sensitivity (µA·mM^−1^·cm^−2^)   Detection Limit, µM   Reference
  ------------------------------- ------------------- ----------------------------- ----------------- -------------------------------- --------------------- -----------------------------
  MOF-derived CuO arhitectures    0.0005--2.8         0.1 M NaOH                    CA                934.2                            0.1                   \[[@B48-sensors-19-05353]\]
  CuO/CuBi~2~O~4~                 0.1--8              0.1 M NaOH                    CA                330                              0.7                   \[[@B49-sensors-19-05353]\]
  CuS microflowers                0.001--5.4          0.1 M NaOH                    CA                1007                             n.a.                  \[[@B50-sensors-19-05353]\]
  CuO nanospheres                 0.05--20            0.1 M NaOH                    CA                404.53                           1                     \[[@B51-sensors-19-05353]\]
  CuO/graphene                    5--14               Phosphate buffer (pH = 7.4)   CA                37.63                            5                     \[[@B9-sensors-19-05353]\]
  CuO/graphene                    0.00021--12         0.1 M NaOH                    CV                408.16                           0.21                  \[[@B9-sensors-19-05353]\]
  Cu-Cu~2~O nanoporous NPs        0.01--55            0.1 M NaOH                    CA                123.8                            0.05                  \[[@B7-sensors-19-05353]\]
  Cu-Cu~2~O hollow microspheres   0.22--10.89         0.1 M NaOH                    CA                33.63                            0.05                  \[[@B8-sensors-19-05353]\]
  Cu~2~O NPs                      0.05--1.1           0.1 M NaOH                    CA                53.69                            47.2                  \[[@B52-sensors-19-05353]\]
  3D Cu\@Cu~2~O aerogels          0.001--17.2         0.1 M NaOH                    CA                194.88                           0.60                  \[[@B53-sensors-19-05353]\]
  **CuO~x~/CNF**                  0.02--0.14          0.1 M NaOH                    Preconc.SWV/SWV   5419.7/2754^\[a\]^               0.048/0.07^\[a\]^     This work

^\[a\]^ without preconcentration step.
